Glycated hemoglobin (HbA~1c~), a marker of chronic hyperglycemia, is the standard measure for monitoring glucose control in diabetic patients and recently was recommended for use in the diagnosis of diabetes ([@B1],[@B2]). Elevated HbA~1c~ strongly predicts the development of diabetes ([@B3]--[@B6]) and is independently associated with cardiovascular outcomes even in individuals without a diabetes diagnosis ([@B6]--[@B9]). One pathway by which hyperglycemia may contribute to cardiovascular disease risk is via the development of hypertension. For example, previous research demonstrates associations of hyperglycemia with endothelial dysfunction and vascular stiffness, both of which are linked to increased hypertension and cardiovascular disease risk ([@B10]--[@B12]). In addition, long-term (observational) follow-up of Diabetes Control and Complications Trial (DCCT) participants with type 1 diabetes demonstrated that intensive glucose control significantly reduced the risk of incident hypertension by nearly 25% ([@B13],[@B14]), suggesting that strategies to improve glucose control might lower hypertension risk among people with diabetes.

Approximately 34% of U.S. adults aged ≥20 years are hypertensive, with an additional 25% living with prehypertension ([@B15],[@B16]). Hypertension is strongly associated with diabetes and, if poorly controlled, greatly accelerates the progression of diabetes complications ([@B17]--[@B20]). Diabetes and hypertension frequently coexist. However, the directionality of this association has been inconsistent in the literature ([@B17],[@B19],[@B20]). Although diabetes and hypertension often co-occur and share risk factors, evidence that chronic hyperglycemia is associated with the development of hypertension is unclear.

This study aimed to quantify the association between HbA~1c~ and incident hypertension in a community-based study of individuals with and without a previous history of diabetes. We hypothesized that chronic hyperglycemia would be associated with hypertension risk, even among individuals without diagnosed diabetes.

RESEARCH DESIGN AND METHODS {#s2}
===========================

The Atherosclerosis Risk in Communities (ARIC) Study is a community-based cohort study of 15,792 adults from four U.S. communities aged 45--64 years at enrollment during 1987--1989 ([@B21]). Participants completed three follow-up examinations, spaced \~3 years apart. Participants also were contacted annually via telephone. HbA~1c~ was measured in samples collected at ARIC visit 2 (1990--1992) and, therefore, this visit served as the baseline examination for the current study. Details regarding the study population and data collection in the ARIC Study have been previously published ([@B21]).

Among the 14,348 ARIC Study participants who attended visit 2, we excluded individuals with prevalent diagnosed hypertension (*n* = 3,893), self-reported race/ethnicity other than black or white (*n* = 37), and those who were missing variables used in the analyses (*n* = 815); the final analytic sample for the primary analysis included 9,603 ARIC Study participants with a maximum follow-up time of 18 years. For secondary analyses, we additionally excluded individuals with prevalent undiagnosed hypertension at baseline (based on measured blood pressure). These analyses included 7,551 ARIC Study participants for up to 9 years of follow-up time (the time period was limited based on measured blood pressure data availability).

Measurement of HbA~1c~ {#s3}
----------------------

We measured HbA~1c~ in whole blood samples collected at ARIC visit 2 (1990--1992) using a high-performance liquid chromatography method (Tosoh 2.2 Plus in 2003--2004 and Tosoh G7 in 2007--2008; Tosoh, Tokyo, Japan), standardized to the DCCT assay ([@B22]). The measurement of HbA~1c~ is standardized by the International Federation of Clinical Chemistry.

Incident hypertension {#s4}
---------------------

At each clinic visit, antihypertensive medication use was determined based on a medication inventory. In addition, systolic and diastolic blood pressures were obtained in the sitting position by certified technicians following a 5-min rest period using a random-zero sphygmomanometer ([@B23]). During visits 2 and 3, three readings were obtained; the second and third readings were averaged to obtain mean blood pressure values. During visit 4, two readings were obtained and were averaged to obtain mean blood pressure values. After the last follow-up visit (1997--1999), hypertension was assessed during annual telephone calls using the following two questions: "Since we last contacted you, has a doctor said you had high blood pressure?" and "Did you take any medications during the past two weeks for high blood pressure?"

We considered two definitions of incident hypertension in the current study: *1*) self-reported hypertension based on medication use at the two follow-up visits or medication use/hypertension diagnosis during annual telephone calls for a maximum of 18 years of follow-up and *2*) visit-based hypertension defined by an average systolic blood pressure of ≥140 mmHg, average diastolic blood pressure of ≥90 mmHg, or medication use for lowering blood pressure assessed at either of the two follow-up visits for a maximum of 9 years of follow-up.

Other variables of interest {#s5}
---------------------------

Age, sex, race/ethnicity, smoking status, alcohol use, physical activity (measured with a modified version of the Baecke physical activity questionnaire) ([@B24]), and educational attainment were self-reported by participants at the clinic examination during a structured interview. Previous diabetes history was determined via self-report of a physician diagnosis or use of diabetes medications; for sensitivity analyses, incident cases of diabetes that met the definition of diagnosed diabetes after the baseline examination were considered. Diet was assessed using a 66-item semiquantitative food frequency questionnaire modified from the 61-item food frequency questionnaire by Willett et al. ([@B25]). The examination included measurement of height, weight, waist circumference, and hip circumference. BMI was calculated as weight in kilograms divided by the square of height in meters. Participants also were instructed to fast overnight and provided blood specimens for the measurement of glucose, insulin (at visit 1 only), lipids, and creatinine ([@B21]).

Statistical analysis {#s6}
--------------------

Baseline characteristics for the study population were calculated after stratifying by history of diagnosed diabetes and HbA~1c~ clinical category at baseline; the study population was stratified by diabetes history status to address concerns regarding differential diagnosis of hypertension by diabetes status as well as the possibility of different risk relationships in patients with a clinical diagnosis of diabetes. Thus, those without diagnosed diabetes were separated into three groups (\< 5.7%, which represents normal glycemia; 5.7--6.4%, which represented elevated risk for diabetes or prediabetes; and ≥6.5%, which represents at or above the diagnostic threshold for HbA~1c~); those with previously diagnosed diabetes were dichotomized at the recommended treatment goal (7%) ([@B1]). We used Cox proportional hazards regression models to obtain hazard ratios (HRs) and their 95% CIs for the association between baseline HbA~1c~ (modeled as a continuous variable and in clinical categories) and incident self-reported and visit-based hypertension after adjustment for covariates. In analyses with HbA~1c~ modeled according to clinical categories, participants without diabetes and with HbA~1c~ \<5.7% served as the reference group for the subgroup without diabetes; for those with diabetes, those with HbA~1c~ \<7% served as the reference group. The proportional hazards assumption was confirmed by examining interactions between follow-up time and HbA~1c~ modeled both as a continuous and categorical variable (*P* \> 0.05 for all interactions).

We considered three models for the association between HbA~1c~ and incident hypertension. Model 1 was adjusted for age (years), sex (male or female), race/ethnicity (black or white), and clinic site (Forsyth County, NC; Jackson, MS; Minneapolis, MN; or Washington County, MD). Model 2 was additionally adjusted for smoking status (current, former, or never), physical activity level (sport index score), educational attainment (≤11, 12--16, ≥17 years), and log-transformed triglycerides. Finally, model 3 additionally included BMI and waist-to-hip ratio (WHR). Other variables that were tested as potential confounders but were removed from the final model because of null or nonsignificant effects on the main association of interest included alcohol intake, estimated glomerular filtration rate (eGFR), dietary factors (total caloric intake, sodium, potassium, saturated fat, and fiber), and fasting insulin. We also fitted restricted cubic splines to characterize the continuous association between HbA~1c~ and incident hypertension; plots were centered at the median HbA~1c~ value, the data were truncated to exclude extreme values, and knot locations were determined as described by Harrell ([@B26]).

We considered models both with and without adjustment for baseline blood pressure. In addition, we conducted sensitivity analyses excluding individuals with prevalent coronary heart disease, stroke, or congestive heart failure (*n* = 9,166, excluding 437 participants from the primary analytic sample). Among participants without a diagnosis of diabetes at baseline, we also conducted sensitivity analyses censoring cases of incident diabetes that developed during the follow-up period to determine whether the association between HbA~1c~ and incident hypertension was mediated by the intervening development of diabetes. Finally, effect modification by race/ethnicity, sex, and age was evaluated. All analyses were performed using Stata Statistical Software (release 11.2; StataCorp LP, College Station, TX).

RESULTS {#s7}
=======

Baseline characteristics of the 9,603 participants (543 with a history of diabetes) are shown by diabetes status and HbA~1c~ clinical category in [Table 1](#T1){ref-type="table"}. Subjects with elevated HbA~1c~ had higher mean fasting glucose, fasting insulin, eGFR, blood pressure, BMI, LDL cholesterol levels, and triglycerides. The mean HbA~1c~ for the study population was 5.6% (range 3.5--18.2).

###### 

Baseline (visit 2) participant characteristics, stratified by diabetes history status and HbA~1c~ clinical category

![](1031tbl1)

We observed 4,800 incident self-reported hypertension cases over a median follow-up time of 12 years in those without a history of diabetes (45 cases per 1,000 person-years) and 377 cases over a median follow-up time of 9 years in those with diagnosed diabetes (76 cases per 1,000 person-years). The continuous associations between HbA~1c~ and incidence of self-reported hypertension are shown in [Fig. 1](#F1){ref-type="fig"}. The HR per 1% point higher HbA~1c~ in the fully adjusted model was 1.11 (95% CI 1.06--1.16) among those with no history of diabetes and 1.06 (1.01--1.11) among those with diagnosed diabetes; both HRs were statistically significant even after adjustment for BMI and WHR ([Table 2](#T2){ref-type="table"}). Hypertension risk was higher with increasing HbA~1c~ category. The multivariable-adjusted HRs for those without diabetes were 1.14 (1.06--1.23) for individuals with HbA~1c~ 5.7--6.4% and 1.39 (1.20--1.62) for individuals with HbA~1c~ ≥6.5% compared with those with HbA~1c~ in the normal range. Among those with prevalent diabetes at baseline, individuals with poorer glycemic control (HbA~1c~ ≥7% compared with those with HbA~1c~ \<7%) were at 1.25 times higher risk (95% CI 1.01--1.56) for incident hypertension ([Table 3](#T3){ref-type="table"}).

![Fully adjusted HRs for incident self-reported hypertension among participants without (*A*) and with (*B*) prevalent diagnosed diabetes at baseline, as well as HRs for incident visit-based hypertension among participants without (*C*) and with (*D*) prevalent diagnosed diabetes at baseline using the restricted cubic spline model. \*Adjusted for age, sex, race, center, smoking, physical activity, educational attainment, triglycerides (ln-transformed), BMI, and WHR. The top and bottom 1% values for HbA~1c~ are truncated to exclude extreme values, and the model is centered at the median of the distribution (5.4% for participants without prevalent diabetes at baseline and 7.6% for participants with prevalent diabetes at baseline). HRs are plotted on the natural logarithm scale, and the grayed area represents the 95% CI.](1031fig1){#F1}

###### 

HRs (95% CI) per 1% point of HbA~1c~ for incident hypertension among ARIC Study participants, stratified by diabetes status at baseline
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###### 

HRs (95% CI) for incident hypertension in participants with and without prevalent diabetes at baseline using HbA~1c~ clinical categories

![](1031tbl3)

In the visit-based hypertension analysis, we observed 1,670 incident cases of hypertension among those without diabetes (43 cases/1,000 person-years), and 119 incident cases occurred among those with diagnosed diabetes (62 cases/1,000 person-years), roughly one-third of the total hypertension cases. Associations between HbA~1c~ and incidence of visit-based hypertension are shown in the [Fig. 1](#F1){ref-type="fig"}. HRs for incident visit-based hypertension by baseline HbA~1c~ are presented in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}. Both in individuals with and without history of diabetes, higher baseline HbA~1c~ was significantly associated with the risk of hypertension, after adjustment for age, sex, race, center, smoking, physical activity, educational attainment, and triglycerides (model 2). HRs from model 2 were 1.13 (95% CI 1.05--1.22) per 1% higher HbA~1c~ for those without diabetes history and 1.10 (1.01--1.20) for those with diagnosed diabetes ([Table 2](#T2){ref-type="table"}). However, this association was no longer significant after further adjustment for BMI and WHR (1.05 \[0.97--1.14\] in those without diabetes and 1.08 \[1.00--1.19\] in subjects with diagnosed diabetes). In the fully adjusted model with HbA~1c~ in clinical categories ([Table 3](#T3){ref-type="table"}), only those individuals without diabetes in the prediabetic range for HbA~1c~ (5.7--6.4%) were at significantly higher risk for incident hypertension (1.17 \[1.03--1.33\]) compared with those with HbA~1c~ \<5.7% (*P* for trend = 0.05). Individuals with diagnosed diabetes and with HbA~1c~ ≥7% were not at significantly increased risk for incident hypertension compared with those with diagnosed diabetes and with HbA~1c~ \<7%.

Results were similar after additional adjustment for baseline blood pressure and kidney function (using eGFR) and remained significant for the self-reported hypertension outcome. In addition, results were similar but slightly weaker for the association between fasting glucose and incident hypertension ([Supplementary Tables 1 and 2](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2248/-/DC1)). Sensitivity analyses excluding participants with prevalent coronary heart disease, congestive heart failure, and stroke at baseline did not materially alter the association between HbA~1c~ and incident hypertension. Censoring incident cases of diabetes that occurred prior to incident hypertension also did not materially alter the results. There were no significant interactions with race/ethnicity or sex in the association of HbA~1c~ with incident hypertension, although the association was attenuated among older participants (results not shown).

CONCLUSIONS {#s8}
===========

In this large community-based prospective study, higher HbA~1c~ values at baseline were associated with increased risk of hypertension during long-term follow-up. This association was independent of known risk factors and was observed for HbA~1c~ values even below the diagnostic threshold for diabetes. Poor glycemic control also was associated with increased risk of hypertension among those with diagnosed diabetes. The associations were similar for both of the hypertension definitions used, although our findings were more robust for the self-reported hypertension outcome as compared with the visit-based definition, perhaps because of increased statistical power (5,177 self-reported vs. 1,789 visit-based hypertension cases). Adjustment for measures of adiposity strongly attenuated the observed association, suggesting that obesity may partially explain the higher risk of hypertension among individuals with hyperglycemia. Nonetheless, a significant effect of elevated HbA~1c~ on hypertension risk remained even after adjustment for multiple risk factors and two measures of adiposity.

Few prospective studies have examined the association between HbA~1c~ and subsequent hypertension risk. However, previous studies have reported positive associations between hyperglycemia and blood pressure levels ([@B27]--[@B30]), although some of these associations were weak or not statistically significant ([@B31]). In addition, previous studies have shown a more favorable blood pressure profile among individuals with diabetes receiving glucose-lowering treatment ([@B19],[@B20]). Our findings are of similar magnitude to results from the Women's Health Study reported by Britton et al. ([@B27]), which reported an association between HbA~1c~ and risk of self-reported hypertension that was similarly attenuated after adjustment for BMI. However, the Women's Health Study relied on self-report only and did not have information on measured blood pressure to identify undiagnosed cases of hypertension.

The association between hyperglycemia and hypertension may reflect the presence of shared risk factors, particularly adiposity. In addition, inflammatory processes have been implicated in both the development of hyperglycemia and hypertension ([@B32]). However, several potential mechanisms may explain why higher HbA~1c~ values predict the development of hypertension. Because hyperglycemia leads to high glucose flux across endothelial cell membranes ([@B33]--[@B35]), the resulting increased oxidative stress reduces the bioavailability of nitric oxide and contributes to endothelial dysfunction that may subsequently alter blood pressure ([@B11]). Furthermore, previous evidence suggests that hypertension risk may be elevated in those with higher levels of circulating glucose via increased systemic vascular resistance and stiffness ([@B10],[@B12]). Excess circulating glucose also may bind proteins, lipids, and nucleic acids, resulting in the formation and accumulation of advanced glycation end products ([@B36],[@B37]); accumulation of advanced glycation end products in the vessel wall may contribute to inflammation, oxidative stress, and endothelial dysfunction.

There are certain limitations of this study that should be considered in the interpretation of the results. Only a single measurement of HbA~1c~ at baseline was available, which may have resulted in misclassification. Future analyses with additional measurements of HbA~1c~ may reveal stronger associations with incident hypertension. Furthermore, despite rigorous measurement of cardiovascular risk factors, we cannot rule out the possibility of residual confounding in this observational study. In particular, we observed that the association was attenuated after adjustment for BMI and waist circumference; it is possible that adjusting for these measures did not fully account for potential confounding by adiposity. In addition, although we excluded individuals with prevalent hypertension at baseline to establish the directionality of the association between hyperglycemia and hypertension, the causal relationship remains unclear. Finally, some analyses may have had limited power to detect small to moderate effects (e.g., we had only 119 incident visit-based hypertension cases among those with diagnosed diabetes at baseline). Nonetheless, our study benefited from the large sample size and both measured blood pressure and self-reported information to identify cases of hypertension during a long duration of follow-up.

In summary, we found a positive association between elevated HbA~1c~ at baseline and incident hypertension, suggesting that hyperglycemia may play a role in the development of hypertension even in individuals without a prior history of diabetes. In particular, HbA~1c~ in the prediabetic range and HbA~1c~ ≥7.0% among those with diagnosed diabetes (i.e., those with poorer glucose control) were independently associated with incident hypertension. Combined with evidence demonstrating that HbA~1c~ is a marker of long-term cardiovascular risk, our results suggest that individuals with elevated HbA~1c~, even in the absence of diabetes, are at increased risk for hypertension and should be targeted for cardiovascular risk factor management and hypertension prevention strategies.

This article contains Supplementary Data online at <http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2248/-/DC1>.
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